1. The effects of the nitric oxide (NO) donor sodium nitroprusside (SNP) on the rates of glucose transport and utilization and its interaction with insulin were investigated in rat soleus muscle in itro. SNP stimulated the rate of 2-deoxyglucose transport and insulin-mediated (100 µ-units\ml) rates of both net and ["%C]lactate release and the rate of glucose oxidation. The effects of SNP were independent of the concentration-dependent effects of insulin on glucose metabolism. 2. SNP stimulated the insulinstimulated rates of net and ["%C]lactate release and glucose oxidation in a concentration-dependent manner. The rate of ["%C]lactate release was also stimulated by another NO donor, 
INTRODUCTION
Increases in the rates of glucose uptake and metabolism in skeletal muscle occur by an insulin-mediated and\or contractionstimulated pathways [1] . The phosphatidylinositol-3-kinase inhibitor, wortmannin, decreases insulin-mediated, but not contraction-stimulated, glucose utilization in skeletal muscle, which suggests that distinct signalling pathways exist [2, 3] . Wortmannin decreases only insulin-mediated glucose utilization [2, 3] . Thus contraction might employ a phosphatidylinositol-3-kinase-independent (assuming that muscle contains no wortmannin-resistant phosphatidylinositol-3-kinase) mechanism to stimulate glucose utilization, although undoubtedly some common signalling steps are used by both contraction and insulin [2] .
Results from our laboratory demonstate that superoxide dismutase stimulates glucose utilization in isolated rat soleus muscle preparations in itro [4] . Superoxide dismutase lowers the number of reactive oxygen species, which are generated abundantly in the muscle preparations incubated in itro [5] . We hypothesize [4] that reactive oxygen species suppress the activity of an endogenous agent that was responsible for increased glucose utilization. Reactive oxygen species inactivate nitric oxide (NO) [6, 7] .
A significant nitric oxide synthase (NOS) activity is found in skeletal muscle cells [6, 8, 9] . NOS is also present in skeletal muscle * To whom correspondence should be addressed.
SNP or spermine NONOate. 5. The cGMP content was increased maximally (by approx. 80-fold) within 15 min by SNP (15 mM). The cGMP content, raised maximally by SNP, was significantly decreased by the guanylate cyclase inhibitor LY-83583 (10 µM).
The cGMP analogue 8-bromo-cGMP (100 µM) significantly increased the rate of net lactate release. 6. LY-83583 significantly inhibited SNP-stimulated rates of 2-deoxyglucose transport, ["%C]lactate release and glucose oxidation. Methylene Blue (another guanylate cyclase inhibitor) also inhibited SNP-stimulated rates of ["%C]lactate release. 7. The results suggest that in rat skeletal muscle : (a) nitric oxide (from SNP or spermine NONOate) increases the rate of glucose transport and metabolism, an effect independent of insulin ; (b) SNP inhibits insulinmediated rates of glycogen synthesis ; (c) SNP stimulates cGMP formation, which mediates, at least partly, the effects on glucose metabolism ; (d) nitric oxide-mediated stimulation of glucose utilization might occur in fibre contraction. The implications of the effects of NO on glucose metabolism are discussed.
cell lines [10, 11] . Neuronal-type NOS (nNOS) is expressed at higher levels in skeletal muscle than in brain of humans [12] . nNOS is found at higher activity in muscles composed of type II fibres [6] , which are better designed for rapid contraction. Because muscles that are almost wholly populated with type II fibres are less well vascularized, this clearly demonstrates that the activity is not solely endothelial NOS. The endothelial type-NOS (eNOS) is also expressed in skeletal muscle [8] . In skeletal muscle from mice with X-chromosome-linked muscular dystrophy (mdx) both the content of dystrophin and the activity of particulate NOS are low [7] . NOS binds to dystrophin, which locates NOS to the sarcolemmal membrane, although some NOS is located within muscle mitochondria [13] . NO is released from resting skeletal muscle preparations in itro [14] . Prior electrical stimulation of extensor digitorum longus preparations causes a stimulation of NO release [14] . Because contraction stimulates both rates of glucose transport and metabolism [1] [2] [3] [4] and NO release [14] in skeletal muscle, we tested the hypothesis that NO acts as a mediator to cause increased glucose utilization. The direct effects of exogenous NO, generated from the nitric oxide donor sodium nitroprusside (SNP), on rates of 2-deoxyglucose transport, "%C-labelled and net lactate release, glucose oxidation and glycogen synthesis were measured in isolated incubated rat soleus muscle preparations. SNP might also give rise to cyanide ions, which can be removed by the addition of rhodanese and sodium thiosulphate to the incubation medium [15] . SNP does not spontaneously decompose or hydrolyse to release cyanide but the contact of SNP with biological tissues can initiate the formation of cyanide ions [15] . Consequently, the effect of SNP on muscle glucose metabolism was measured in the presence of rhodanese and sodium thiosulphate. The effects of a second NO donor, [16] . NO activates the soluble form of guanylate cyclase, increasing the rate of cGMP formation [17, 18] . Guanylate cyclase activity is inhibited by LY-83583 [19] or Methylene Blue [20] . Thus we determined whether LY-83583 affected SNP-mediated effects on cGMP levels and the rate of 2-deoxyglucose transport, and whether LY-83583 or Methylene Blue inhibited SNP-stimulated rates of ["%C]lactate release in soleus muscle preparations in itro.
MATERIALS AND METHODS

Animals
Male Wistar rats (140-160 g ; Harlan-Olac, Bicester, Oxon., U.K.) were kept in the animal house of the Department of Biochemistry, University of Oxford, in controlled conditions (23p1 mC ; 12 h light\12 h dark cycle) and received standard laboratory chow and water ad libitum. Food was withdrawn for 15 h before experimentation. Water was always provided ad libitum to all rats.
Materials
Enzymes, chemicals, biochemicals and radiochemicals were purchased from sources previously given [21] [22] [23] 
Incubation procedures and analysis
Rats were killed by cervical dislocation, and stripped solei were prepared as described previously [21] [22] [23] . The tendons of the muscles were ligated, rapidly weighed and tied at the resting length in situ on stainless steel clips, then placed in 25 ml Erlenmeyer flasks containing 3 ml of oxygenated Krebs-Ringer bicarbonate buffer plus 10 mM Hepes (pH 7.4)\5.5 mM glucose\ 1 % (w\v) BSA\insulin (10 µ-units\ml). Flasks were sealed and aerated continuously with O # \CO # (19 : 1). When the effects of LY-83583 or Methylene Blue were being investigated, these compounds were also present in the preincubation medium. After preincubation of muscles for 30 min at 37 mC in an oscillating water bath (100 rev.\min), the muscle strips were transferred to similar vials containing similar medium with added [U-"%C]glucose (0.5 µCi\ml), insulin (at varied concentrations ; see legends to Figures or Tables) and other reagents (e.g. SNP, spermine NONOate, Methylene Blue, LY-83583, rhodanese, haemoglobin and sodium thiosulphate). LY-83583 was dissolved in DMSO, in which case a similar volume of DMSO was added to the control incubation medium. The flasks were sealed and re-gassed for the initial 15 min period in a 1 h incubation. At the end of the incubation, muscles were blotted and rapidly frozen in liquid N # . The concentration of lactate in the incubation medium was determined spectrophotometrically [23] and [U-"%C]glucose incorporated into glycogen (glycogen synthesis) was measured [21] [22] [23] . Rates of glycogen synthesis were measured in terms of µmol of glucosyl units\h per g wet wt.
In other experiments the incubation medium was acidified with perchloric acid (6 %, w\v) before collection of "%CO # in plastic centre wells containing 0.2 ml of 1 : 1 (v\v) phenylethylamine\ methanol [21] . The amount of "%CO # formed was calculated from the specific radioactivity of extracellular glucose. This calculation of formation of "%CO # does not take into account any dilution of ["%C]pyruvate by endogenously available pyruvate. In these experiments for lactate release we measured two rates : net, which is lactate generated potentially from both intracellular glycogen and extracellular glucose, and ["%C]lactate release derived only from extracellular glucose. Any significant differences between these rates probably indicates that glycogenolysis is activated in the isolated incubated muscle preparation. Also, in previous studies we have shown that the rate of ["%C]lactate release is a good indication of the rate of glucose transport [23] . Radiochemical lactate was analysed by separation of ["%C]lactate in the incubation medium on ion-exchange columns [24] . Rates of 2-deoxyglucose transport were measured as previously described [23] .
The content of cGMP was measured with a cGMP enzyme immunoassay system (Amersham). Briefly, after incubation muscles were rapidly frozen in liquid N # . Muscles were pulverized before homogenization in 0.5 ml of ice-cold 10 % trichloroacetic acid\methanol [10 % (w\v) trichloroacetic acid in 10 % (v\v) methanol]. Each homogenate was extracted three times with 5 vol. of water-saturated diethyl ether. The extract was freezedried before reconstitution in assay buffer [50 mM sodium acetate (pH 5.8)\0.02 % BSA\0.005 % thimerosal]. The assay of cGMP was conducted in accordance with the manufacturer's instructions for the assay of acetylated cGMP.
RESULTS
Effects of SNP on rates of lactate release, glycogen synthesis and glucose oxidation
We measured the effects of various concentrations of SNP on insulin-stimulated (100 µ-units\ml) rates of net lactate release from isolated incubated rat soleus muscle preparations ( Figure 1 , left panel). SNP, over a range of concentrations from 1 to 25 mM, significantly increased the rate of net lactate release. This rate of net lactate release was markedly higher at the highest concentration of SNP (25 mM) . SNP, at all concentrations (see Figure 1 , right panel), significantly increased the rate of insulinmediated ["%C]lactate release. The highest concentration of SNP (25 mM) did not further increase the insulin-stimulated rate of ["%C]lactate release ( Figure 1, right panel) .
The effects of SNP on insulin-stimulated rates of glycogen synthesis are given in Figure 2 . A submaximal concentration of insulin (100 µ-units\ml typically stimulates the rate of glycogen synthesis approx. 2-fold compared with basal values (see Table  1 ). SNP, at concentrations greater than 5 mM, inhibited the insulin-stimulated rate of glycogen synthesis. The rate of glycogen synthesis was decreased by approx. 1.5 µmol\h per g at 5, 10 and 15 mM SNP but was decreased by approx. 3 µmol\h per g at 20 and 25 mM SNP (Figure 2) . SNP, at 1, 15 and 25 mM, significantly stimulated the insulinmediated (100 µ-units\ml) rate of glucose oxidation in soleus muscle preparations in itro in a concentration-dependent manner (Figure 3) .
Figure 1 Effect of various concentrations of SNP on insulin-stimulated rates of net lactate release (left panel) and [ 14 C]lactate release (right panel) from isolated incubated rat soleus muscle preparations
All muscle preparations were incubated in the presence of 100 µ-units of insulin/ml. Results are presented as meanspS.E.M. for between six and 23 separate experiments. Statistically significant differences from results from incubations in the absence of SNP are indicated by *P 0.05, ***P 0.001.
Figure 2 Effect of various concentrations of SNP on insulin-stimulated rates of glycogen synthesis in isolated incubated rat soleus muscle peparations
All muscle preparations were incubated in the presence of 100 µ-units/ml insulin. Results are presented as meanspS.E.M. for between six and 23 separate experiments. Statistically significant differences from results from incubations in the absence of SNP are indicated by ***P 0.001.
Insulin, at 100 and 10 000 µ-units\ml, significantly increased the rates of net lactate release, ["%C]lactate release and glycogen synthesis (Table 1) . SNP (15 mM), in the absence or presence of insulin [i.e. at 1 (basal concentration), 100 or 10 000 µ-units\ml] stimulated the rates of both net and ["%C]lactate release (Table 1) . SNP (15 mM) did not affect the rate of glycogen synthesis in the absence of insulin but markedly inhibited the insulin-stimulated rate of glycogen synthesis (Table 1) .
If any cyanide ions were generated by the contact of SNP with skeletal muscle [15] , these ions would be dissipated by the addition of rhodanese (1.3 units\ml) and sodium thiosulphate (1 mM) to the incubation medium [15] . The stimulation of the rate of ["%C]lactate release by SNP was unaffected by the presence of rhodanese and sodium thiosulphate ( Table 2) .
Effects of haemoglobin on insulin-stimulated rates of [ 14 C]lactate release
Haemoglobin is known to bind avidly and to nullify rapidly the effects of NO and thus to act as a scavenger [16] . SNP or spermine NONOate (both at 1 mM) both significantly increased the rate of ["%C]lactate release (Table 3) . Haemoglobin (100 µM) did not affect the rate of ["%C]lactate release ( Table 3) . Incubation of rat soleus muscle preparations with either SNP (1 mM) or spermine NONOate (1 mM) in combination with haemoglobin (100 µM) resulted in rates of ["%C]lactate release that were not significantly different from those obtained in the absence of either SNP or spermine NONOate (see Table 3 ).
Effect of SNP on cGMP content and of inhibition of guanylate cyclase on SNP-stimulated rates of 2-deoxyglucose transport, [ 14 C]lactate release and glucose oxidation ; effect of 8-bromo cGMP
Soleus muscle preparations were incubated in the absence or presence of SNP (15 mM) at different times before the content of cGMP was measured. The content of cGMP was significantly elevated by 2.5 min, and by 15 min it reached a maximal value (Figure 4 ). The content of cGMP was increased approx. 80-fold by 15 mM SNP at 15 min, and the cGMP content remained maximally elevated for the duration of the incubation period (i.e. at 20 and 60 min). SNP (15 mM) stimulated the cGMP content (290p37 pmol\g wet wt.), and this increase was significantly decreased by 10 µM LY-83583 (105p6 pmol\g wet wt. ; P 0.001) ; values given 
Figure 3 Effect of various concentrations of SNP on insulin-stimulated rates of conversion of [U-14 C]glucose into 14 CO 2 in rat soleus muscle preparations in vitro
All muscle preparations were incubated in the presence of 100 µ-units/ml insulin. Results are presented as meanspS.E.M. for at least 12 separate experiments. Statistically significant difference from results from incubations in the absence of SNP are indicated by *P 0.05, ***P 0.001. 
Figure 4 Time course of the effect of SNP on intracellular cGMP content in rat soleus muscle in vitro
Rat soleus muscle preparations were incubated in the absence () or presence (4) pS.E.M. SNP (15 mM) significantly increased the rate of transport of the glucose analogue 2-deoxyglucose into isolated incubated soleus muscle preparations (Table 4 ). The guanylate cyclase inhibitor LY-83583 (10 µM) on its own had no effect on the rate of 2-deoxyglucose transport (Table 4 ). The SNPstimulated rate of 2-deoxyglucose transport was decreased by LY-83583 (Table 4) . In a similar manner LY-83583 decreased the SNP-stimulated rate of ["%C]lactate release (Table 5 ). However, LY-83583 on its own significantly inhibited the insulin-stimulated rate of ["%C]lactate release (Table 5) . We tested the effects of a second guanylate cyclase inhibitor, Methylene Blue, on the SNPstimulated rate of ["%C]lactate release (Table 5 ). Methylene Blue blocked the stimulation of the rate of ["%C]lactate release by both SNP and insulin (Table 5) . Furthermore, LY-83583 significantly decreased the SNPstimulated rate of glucose oxidation (1.58p0.08 compared with 0.99p0.07 µmol\h per g wet wt ; P 0.001) such that it was no longer significantly different from the rate observed in the absence of both SNP and LY-83583 (i.e. the control value).
Also, the effect of the cell-permeant cGMP analogue 8-bromo-cGMP on the rate of net lactate release in isolated incubated soleus muscle preparations was tested. 8-BromocGMP, at 100 µM, significantly increased the rate of net lactate release [control, 6.10p0.49 µmol\h per g (n l 6) ; compare with 8-bromo-cGMP, 7.55p0.37 µmol\h per g (n l 6) ; P 0.05].
DISCUSSION
The results from the present study have yielded some novel findings about an alternative mechanism for the stimulation of glucose transport and metabolism in rat skeletal muscle. It is well accepted that skeletal muscle is quantitatively the major site for insulin-mediated glucose disposal [25] . However, it has been realized for a long time that other mechanisms (besides insulin and insulin-like growth factor-1) exist to stimulate glucose transport and metabolism in skeletal muscle (e.g. contraction and hypoxia).
Because a significant amount of NOS activity is present in skeletal muscle cells [6, 8, 9] and NO is released from isolated incubated muscle preparations [14] , it seems likely that these cells have the capacity for endogenous activation of NOS and the production of NO. So far very little is known about what factors or procedures activate NOS in skeletal muscle and NO formation, although it seems likely that contraction of the muscle is one procedure [14] . Because the rate of intracellular formation of NO could not be regulated we decided to generate NO extracellularly by addition of the nitric oxide donors SNP or spermine NONOate to the incubation medium. Initially we measured the dosedependent effects of SNP (from 1 to 25 mM) on glucose metabolism that had been half-maximally stimulated by insulin (at a concentration of 100 µ-units\ml).
SNP, at all concentrations, significantly stimulated the rates of both net lactate and ["%C]lactate release ( Figure 1 ). The rate of ["%C]lactate release reflects the rate of glucose transport [23] . Only at a high concentration of SNP (i.e. 25 mM) was there a marked difference between the rates of ["%C]lactate and net lactate release, perhaps indicating that high concentrations of SNP stimulate glycogenolysis. It is possible that in the presence of biological tissues cyanide ions are produced from SNP [15] . However, we do not believe that any of the effects of SNP are dependent on cyanide ions because when rhodanese and sodium thiosulphate were present in the incubation medium (to remove cyanide ions), SNP still stimulated the rate of ["%C]lactate release ( Table 2) . For glucose transport SNP probably acts independently of insulin's effects because the stimulation of the rates of net and ["%C]lactate release were increased in the presence of basal and stimulating concentrations of insulin (Table 1) . In a separate experiment, in the presence of a basal concentration of insulin, SNP (15 mM) significantly stimulated the rate of transport of the glucose analogue 2-deoxyglucose (Table 4) .
We also examined the effects of SNP on the intracellular fate of [U-"%C]glucose. At 1 mM SNP there was no effect of SNP on rates of incorporation of [U-"%C]glucose into glycogen (glycogen synthesis) even though this concentration of SNP stimulated both net and ["%C]lactate release (Figure 1 ). At higher concentrations of SNP (5, 10 and 15 mM) there was a significant inhibition of insulin-mediated glycogen synthesis and the magnitude of this inhibition was increased further at 20 and 25 mM SNP. β-Adrenoreceptor agonists, such as isoprenaline, inhibit glycogen synthesis and stimulate net lactate release in a similar manner ; however, a major difference between SNP and β-adrenoreceptor agonists is that the latter do not stimulate either ["%C]lactate release or the transport of glucose analogues [23] ( Figure 1 and Table 4 ). SNP did not inhibit the rate of glycogen synthesis in the absence of insulin but the rate was inhibited at all concentrations of insulin (Table 1 ). This suggests that NO can specifically decrease the intracellular signal for insulin's activation of glycogen synthesis, or glycogen synthase might be inactivated by a mechanism involving the NO\cGMP signalling pathway.
SNP greatly stimulated the rate of glucose oxidation ( Figure  3) . The effect of SNP on glucose oxidation was greater than any effect that insulin has on this process in soleus muscle preparations in itro [21] . The stimulation of the rate of glucose oxidation seems to conflict with the current perception of the role of NO on respiration. Indeed the location of NOS activity within muscle mitochondria suggests that it might play a role in regulating respiration. NO might interact and reversibly inactivate respiratory enzymes such as cytochrome oxidase [26] . NO inhibits respiration in activated astrocytes [27] . Further studies are required to elucidate the role of NO on respiration in skeletal muscle. For example, it is known that resting soleus muscle preparation oxidizes a substantial amount of endogenous fatty acids and this raises the possibility that fatty acid oxidation might be inhibited to a greater extent by NO, thus driving the cells to oxidize more glucose.
A central issue is whether the mechanism of action of SNP is mediated via cGMP. NO stimulates a soluble form of guanylate cyclase in most tissues [17, 18] . Similarly we found that SNP, at 15 mM, caused a rapid and sustained increase (approx. 80-fold) in the content of cGMP (Figure 4) . That SNP produced its effects through the stimulation of guanylate cyclase by NO was investigated in three ways. First, haemoglobin is a NO scavenger [16] : activation of the rates of ["%C]lactate release by SNP or spermine NONOate was obliterated by haemoglobin (Table 3) . Secondly, we monitored the effects of known inhibitors of guanylate cyclase (i.e. LY-83583 [19] or Methylene Blue [20] ) on SNPstimulated effects. LY-83583 inhibited the rise in cGMP caused by SNP (see Figure 4 and the Results section). Stimulation of glucose oxidation and 2-deoxyglucose transport by SNP was blocked by LY-83583 (see Table 4 and the Results section). Methylene Blue and LY-83583 both inhibited SNP-stimulated ["%C]lactate release (Table 5 ). Thus the inhibition of guanylate cyclase activity is linked to diminished effects of SNP on cGMP content and glucose transport and utilization. Lastly, the cGMP analogue 8-bromo-cGMP significantly increased the rate of net lactate release. This agrees with results showing that the rate of 2-deoxyglucose transport into isolated incubated rat diaphragm preparation is increased by 8-bromo-cGMP [28] .
In summary, the present study suggests that NO acts to stimulate glucose uptake and metabolism in skeletal muscle, providing a novel mechanism that may operate endogenously by the activation of NOS [6, 8, 9] . This mechanism could be activated by contraction, which is associated with both increased NO release and increased glucose utilization. Indeed, NO effects on glucose metabolism are qualitatively similar to the intracellular fate of glucose during contraction in skeletal muscle cells [1, 29] . Interestingly, hypoxia has the same effects as contraction on glucose utilization in skeletal muscle preparations [30] . NO interacts rapidly and is inactivated by superoxide anions [6, 7, 31] . The concentration of superoxide radicals would be low during hypoxia. Superoxide dismutase preserves the effectiveness of NO [31] , which is consistent with our observation of increased glucose utilization in soleus muscle preparation in itro by superoxide dismutase [4] . This raises the possibility that the stimulation of glucose utilization by some agents, for example lipoic acid [31, 32] , is via their ability to act as antioxidants. If so, there is a need to investigate the activity of the NO\cGMP system in insulinresistant skeletal muscle. Consequently, glucose transport and Received 23 July 1996/11 October 1996 ; accepted 16 October 1996 utilization might be therapeutically increased in insulin-resistant skeletal muscle by specific activation of the NO\cGMP system, by, for example, use of antioxidants, induction of NOS in muscle cells or elevation of the intracellular cGMP concentration.
